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1 Abstract 
In recent years, the technological advancement of supercapacitors has been increasing 
exponentially due to the high demand in electronic consumerism products. As so, 
researchers have found a way to meet that demand by fabricating graphene. As 
developments are made toward the future, two big advancements to be made are 
large-scale fabrication of graphene and fabricating graphene as a flexible electrode. 
This would allow for use in larger products and would allow for manipulation of the 
unique properties of graphene to accommodate superior design alternatives. While 
large scale production is still mentioned, this review is specifically focusing on 
different methods used to fabricate graphene as a flexible electrode. Various 
fabrication methods, such as Hummer’s method, chemical vapor deposition, epitaxial 
growth, and exfoliation of graphite oxide, used to fabricate graphene in such a way 
that allows flexibility and utilization of graphene’s mechanical and electrical 
properties are discussed. Additionally, a section on environmentally-friendly 
fabrication approaches is presented and discussed. 
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3 Introduction 
Since the discovery of graphene and its electrical and mechanical potential over ten years 
ago, it has been studied and manipulated in the attempt to further technology for the 
future. Graphene, which are carbon atoms bonded in a honeycomb lattice structure in 
sheet form with the thickness of one atom, has many factors that go into fabrication, as 
well as serving as a multi-functional material. It has the capabilities to assist in 
transistors, electrodes, sensors, and many more applications. The purpose of this study is 
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to focus on graphene used as an electrode with flexible characteristics. The goal 
alongside that purpose is for researchers to use this as a resource to assist in their 
fabrication of graphene, while moving away from past ways that restrict an electrodes 
potential to be more flexible, more powerful, and significantly smaller. Indium tin oxide 
(ITO) has been commonly used in applications of transparent electrodes. ITO does not 
have characteristics to be used as a flexible transparent electrode. This is because of its 
film brittleness and low infrared transmittance. These characteristics, along with the 
scarcity of indium and high overall cost prevents the development of future applications 
(1). Because of graphene’s incredible mechanical and electrical properties, as well as its 
size, it has great potential to further application development. One of graphene’s 
outstanding properties is the thermal conductivity (κ) due to the high levels of phonon-
dominated on the surface, which can be increased with the switch-on phenomenon and 
subtracting the defect levels in graphene (2, 3). With research and development reaching 
a global scale, this review contains compilation and analysis of different fabrication 
methods and techniques used to fabricate graphene as a flexible electrode. The 
information provided does not describe the only ways to fabricate graphene as an 
electrode, but are common methods taken with successful results. In taking the steps 
toward moving away from past methods and furthering graphene for industrial 
application, there are a few challenges that are faced. Some of these challenges include 
large-scale production inability, production costs, and producing it with flexible 
characteristics. Most synthesis practices continue for a long time and result in high cost 
and poor scalability in real-world application (4). For example, for optoelectronic and 
electrochemical devices, inorganic semiconductors are considered for research and 
exploration of micro- and nanoscale phenomena and learning the importance of size and 
dimensionality (5). Due to their low work functions, high aspect ratios, and high 
mechanical stability, the essential nanostructure design of various inorganic 
semiconductors offers exceptional features for a wide range of systems used in electronic 
applications. There have been many advances in application for graphene in physics, 
whereas the application in chemistry, biochemistry and biosensing needs development. 
The positive environmental impact that graphene can have is significant too. For 
example, with a constant increase in freshwater resource contamination, graphene can 
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assist in the desalination of seawater into purified water through capacitive deionization 
and the graphene mixture used as the positive electrode (6).   
Graphene usage for sensors has been reported numerous times in applications such as 
strain-sensors or efficient human-motion detection, whereas for electrodes, graphene’s 
usage has mainly been reported on detection of small biologically relevant analytes. 
Batteries are also a great example of where graphene is becoming extremely beneficial, 
allowing an alternative to Lithium Ion. With the inspiration of metal-air batteries, which 
relies on its open structure to generate electricity using oxygen gas, in-situ graphene-like 
carbon nanosheets adopted a similar strategy (7). It has great potential in point-of-care 
medical diagnostics, skin-substrate electronics, HMI’s, and many more applications (8). 
More possibilities include computational framework with tetrahertz operating speeds for 
compact all-carbon spin logic circuits and drastically improved in power delay products 
(9). It also makes for improved use in electronic devices like touch panels, p-n junction 
materials, wearable technology and hydrogen storage materials (1, 10-12). The 
possibilities are endless once the fabrication of graphene as electrodes becomes more 
controllable. 
 
4 Fabrication Methods 
There are plenty of ways that graphene can be fabricated, especially as research on 
graphene’s multi-use capabilities reach various applications at an exponential rate. For 
the case of graphene fabrication as a flexible electrode, there are four methods that are 
commonly used today. These methods are the modified Hummer’s method, exfoliation of 
graphite oxide, chemical vapor deposition, and epitaxial growth. Each fabrication method 
can be approached from different angles. These approaches may include, but are not 
limited to, hybrid solutions, using different elements, or manipulating material mass or 
volume. Other methods to make notice of are facile photochemical strategies to rapidly 
construct porous graphene frameworks and template methods using a triblock copolymer 
as a template for fabrication (13). 
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Table 1: A summary of graphene fabrication property outcomes.  denotes that the 
fabrication method provides this property.  denotes that the fabrication method does not 
prodide this property. 
 Electrical 
Conductivity 
Strength Elasticity Large 
Surface 
Areas 
Chemically 
Inert 
Transparency Short 
Fabrication 
Time 
Large 
Output 
Volume 
Hummers 
Method 
        
Exfoliation 
of Graphite 
Oxide 
        
CVD         
Epitaxial 
Growth 
        
 
 Modified Hummer’s Method 
Hummer’s Method is a very common method in the process of fabricating graphene. 
Graphite Oxide is created mainly by the chemical oxidation of graphite. It is 
originally synthesized by an addition of potassium chlorate to a 
graphite/HNO3/H2NO3 mix (14). These are known as the Staudenmaier and Brodie 
methods. Hummer’s method was later developed, in which KMnO4 and NaNO3 were 
dissolved in concentrated H2SO4 to allow for a more effective oxidation for the 
graphite to produce graphite oxide. The cons with both the Staudenmaier and Brodie 
methods were the long turnover rate of 4 days, and the consumption of toxic and 
harmful gases (15, 16). The difference between the two methods is that Hummer’s 
method only takes a few hours. 
Modifications have been made to the Hummer’s method to address problems that 
have risen, like adding a peroxidation step, or removing NaNO3 from the method and 
finding a replacing substance due to its toxic gas generation. Each version of 
Hummer’s method was modified in different ways and it depends on the user as to 
what modifications can be made. To fabricate graphene, Hummer’s method usually 
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takes place since the graphite must be oxidized (unless a unique direction is taken like 
the R2R approach explained later). 
One example of a general Hummer’s method consists of graphite powder stirred and 
chilled with H2SO4 and NaNO3 (17). During stirring, KMnO4 was added in aliquots 
over 2 hours, followed by room temperature cooling after the stirring process is 
completed. Then, 35 °C was applied for 30 minutes, followed by adding the solution 
into a flask with deionized water. The temperature was again increased to 70 ° C, and 
the time to 15 min. The new solution was added to a larger volume of deionized 
water, where H2O2 was added to remove the KMnO4. Deionized water repetition 
was necessary until a neutralized pH was achieved. GO was then present and was 
dried in a vacuum for 2 days at 60 °C. 
Like previously mentioned, each Hummers method could be modified in certain 
ways. An example of a modified Hummers method is as follows. 
Firstly, a PANI/GN composite was acquired. To do that, an aqueous GN dispersion 
(1.0 mg mL^-2) was prepared using a modified Hummers method. A solution of 0.4 
mL aniline monomer (solvent: 2 M HCl, 25 mL) was dropped into the as-prepared 
GN suspension (25 mL); afterwards the mixture was sonicated for 0.5 hours, mixed 
with HCOOH and then strongly mechanically stirred for 0.5 hours. Subsequently, 50 
mL of 240 mg ammonium persulfate (solvent: 1 M HCl) was added dropwise into the 
above mixture and stirred in an ice-water bath for 2 hours to to form a PANI/GN 
suspension. The next step was to synthesize PANI/GN to BC to form a film like 
electrode. Firstly, the gel-like white BC pellicles were washed thoroughly with 
deionized (DI) water, then cut into small slices, and subsequently pulped with a 
mechanical homogenizer at the speed of 10,000 r min^-1 to obtain the BC suspension 
(0.7 mg mL^-1). The resultant BC suspension (200 mL) was drained on a nitro 
cellulose filter membrane (porous size of 0.22 μm) to get a uniform BC paper by 
vacuum filtration. Next, the obtained PANI/GN dispersion was decanted onto the 
prepared BC paper to form a flexible film, and the fabricated film was washed several 
times with DI water. After the wet film was dried at 55 °C for 8 hours and then peeled 
off to get the freestanding PANI/GN/BC paper. Three different abbreviations, namely 
PANI.(L/M/H)/GN/BC represented the various concentrations of PANI for 0.2, 0.3 
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and 0.4 mL. An in-situ polymerization and vacuum filtration strategy was employed 
to coat a uniform layer of PANI onto the GN surface, followed by pouring into BC 
paper to form the flexible and freestanding film. Since the abundant groups of BC and 
its excellent physical properties, PANI/GN composites could strongly bind with the 
BC paper via hydrogen bonding and electrostatic interaction. The mixture was fully 
immersed and utilized the porous network of BC to obtain large mass loadings (18, 
19). 
 
A high demand for on-body wearable medical apparatus and implantable devices also 
used Hummers method in its experiment (20). The research described a flexible 
graphene electrode based on graphene paper (GP) supported 3D monolithic 
nanoporous gold (NPG) scaffold (NPG/GP), with modifications made to provide a 
high density, well dispersed, ultrafine binary PtCo alloy nanoparticles through 
ultrasonic deposition. The first step was to fabricate a freestanding graphene oxide 
(GO) via modified Hummer’s Method, which was included in the author’s recent 
works (21). Freestanding GO paper was fabricated starting with dropping a well 
dispersed GO solution (5mg mL-1) onto commercial printing paper surface (A4). The 
GO solution was then spread uniformly across the commercial printing paper via 
rolling multiple times. The sample was allowed to air dry to obtain a uniform GO 
paper. A reduction process for GO paper was carried out by soaking it in HI solution 
(45 wt%) for 10 minutes at room temperature. During this process, bubbles emitted 
from the cellulose papers allowed the thin film to peel by itself. Then, the rGO paper 
was rinsed with a saturated sodium bicarbonate solution, water and methanol 
followed by vacuum drying at 80 C. The rGO paper was then coated with a layer of 
PANI via in situ polymerization. Generally, the PANI nanofiber network was 
synthesized with a two-step method on a three-electrode system in a 1M HCl 
electrolyte and 0.3 M aniline monomer. Nucleation of PANI was performed with a 
constant feed of voltage at 0.8 V for 1 minute at room temperature. The following 
step allowed nanowires to grow under a constant current condition with current 
density of 2 mA cm-2. The resultant PANI layer was then covered with an ultrathin 
GO film through dip-coating method. The last step was to take the aforementioned 
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sample and soak it in HI solution for a few minutes at room temperature to produce 
rGO/PANI/rGO paper. The next step was to fabricate freestanding NPG/GP by 
immersing a piece of Ag-Au leaf (1 cm x 1 cm) into concentrated nitric acid to float 
the leaf at air-liquid interface. After the leaf was observed to float freely on the 
solution surface, the glass slide was removed. Then, the leaf was dealloyed for 6 
hours in the dark at 30 C. Subsequently, the leaf was removed from the acidic 
solution using a glass slide and rinsed with deionized water by allowing it to float for 
three times (15 minutes for one time). The NPG film was then transferred to a 
freestanding GP, and 10 microL Nafion solution was dropped on the surface of the 
NPG to obtain a freestanding GP supported NPG (NPG/GP). To get a freestanding 
PtCo/NPG/GP, the NPG/GP was allowed to undergo PtCo alloy nanoparticles 
electrochemical deposition under ultrasonic irradiation (45 W) (22). The 
aforementioned process was performed in 0.2 M of Na2SO4 containing 5 mM 
H2PtCl6·6H2O and 15 mM CoCl2·6H2O using cyclic voltammetry technique at a 
range of -1.0 to 0.0 V and scan rate of 250 mV s-1. The resultant nanohybrid paper 
electrodes was then cleaned carefully with distilled water and dried at room 
temperature. 
 
Aerogels and graphene were both interesting materials that were highly sought after 
for research purposes. One experiment incorporated graphene aerogels into low-cost 
3D N-doped biomass-derived carbon framework as a potential flexible energy storage 
(23). The 3D structural framework potentially boosts the energy storage device with 
superb electrical conductivity, chemical stability and flexibility (24, 25). Firstly, GO 
was fabricated using modified Hummer’s method. 2 g of graphite was added into 120 
mL of sulfuric acid (98%) in an ice bath and cooled to 0 °C under stirring. Then, 1 g 
of NaNO3 (AR) was added and stirred for 30 minutes. Subsequently, 6 g of KMnO4 
(AR) was slowly added to the solution and stirred for 2 hours to maintain the 
temperature below 20 C. Next, 150 mL of deionized water was added, followed by 
200 mL of H2O2 (38%) dropwise. The resulting mixture was then washed with 
deionized water and HCl (5%) to obtain an aqueous GO dispersion. The next step was 
to synthesize N-doping cotton-derived carbon frameworks (NCCF). In this step, the 
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use of raw cotton as-is condition was sufficient without any pre-treatment. Urea was 
mixed with a piece of cotton (mass ratio of 4:1) in a quartz boat, followed by 
carbonizing at 800 °C for 1 hour at the rate of 5 °C min-1 in N2 atmosphere. The high 
temperature N2 atmosphere allowed the decomposition of urea to react with the 
carbonized NCCF. The resulting product was further treated with ultrasonication for 1 
hour under the presence of HNO3/H2SO4 (v/v = 1/3). The finalized sample was then 
cleaned with deionized water and dried at 90 °C overnight. The final step was to 
synthesize NCCF-rGO. A piece of NCCF was cut from the acid treated cotton 
according to its natural texture. Next, Cu foil and NCCF piece was immersed into 
acidified GO solution (3 mg mL-1, 0.001 M HCl) to obtain the gel of NCCF. The thin 
piece of NCCF was to be strongly bound to the Cu foil for 6 hours, allowing 
interfacial gelation of GO to be self-assembled into hydrogels of the Cu foils. After 
that, the resulting sample was carefully cleaned with deionized water to remove the 
unreacted GO solution. After the aforementioned step, the sample was immersed into 
10 fold diluted HCl solution to detach the gel of the NCCF from Cu foil followed by 
washing it with 20 fold diluted aqueous HCl and deionized water respectively to 
remove any remaining chemical residues. Subsequently, the sample was freeze-dried 
to obtain aerogel-like dried product, followed by annealing it at 300 °C for 1 hour 
under N2 atmosphere. 
 
 
Figure 1: Preparation of 3D NCCF-rGO electrodes via facile synchronous reduction and 
assembly process (23). 
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The usage of polypyrrole (PPy) was shown by how researchers experimented on 
fabricating hybrid paper electrode with rGO (using NaBH4), in situ polymerization of 
PPy and cellulose (26). The experimenters used in situ polymerization of PPy and 
chemical reduction with NaBH4 to reduce graphene oxide. Paper proved to be an 
ideal base for flexible supercapacitor fabrication, since paper could easily synergize 
with a wide range of electrochemically active substance such as electronically 
conducting polymers (ECPs) (27-31). Polypyrrole (PPy), polyaniline (PANI) and 
poly-(3,4-ethylenedioxythiophene) (PEDOT) were examples of ECPs that possessed 
high pseudocapacitance, quicker redox switching, light weight, high conductivity and 
low costs crowning these materials as high tier class materials for high-performance 
supercapacitors (32-37). The first part of fabricating PPy/cellulose papers required the 
base cellulose paper with dimensions roughly at 40 mm x 40 mm to be soaked in four 
different concentrations of pyrrole monomer at 0.05, 0.15, 0.45 and 1.35 M for 2 
hours. Subsequently, an aqueous solution of iron (III) chloride hexahydrate 
(FeCl3·6H2O) was added slowly into each individual concentrations of pyrrole 
monomer to act as an oxidant for in situ polymerization process for 3 hours. The 
molar ratios of the ferric iron/pyrrole are 0.1, 0.3, 1 and 3 respectively. The resulting 
16 PPy/cellulose papers were placed into 1 M HCl for 30 minutes and then rinsed 
with distilled water, followed by drying in a vacuum oven at 50 °C for 24 hours. The 
next step was to fabricate GO through modified Hummer’s method. 2 g of graphite 
powder was mixed into 80 mL of sulphuric acid and 4 g of sodium nitrate, under 
magnetic stirring in an ice bath. 8 g of Potassium permanganate was added to the 
resulting suspension under intense agitation. The temperature of the mixture was then 
brought down to 0 °C for 3 hours, followed by stirring at 40°C for 2 hours. Then, 200 
mL of deionized water was added into the resultant mixture, followed by its heating 
to 98°C for 30 minutes. Then, 30 mL of H2O2 (30%) was added into the solution, 
followed by rinsing it with 200 mL of 5 wt% HCl at deionized water. The final 
product would be graphite oxide, which would be immediately subjected to a facile 
ultrasonication treatment that exfoliated the graphite oxide to GO. To fabricate 
rGO/PPy/cellulose (RPC) papers, PPy/cellulose papers with the lowest sheet 
resistance were picked and separated in three different concentrations of GO 
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dispersions (0.1, 0.5 and 2.5 g L-1). GO dispersions was prepared under 
ultrasonication for one hour (500 W) in an ice bath. The resulting GO/PPy/cellulose 
papers was reduced with 0.15M of aqueous NaBH4 solution, then stirred for 12 
hours. The resulting RPC papers were then cleaned with deionized water to remove 
any impurities on the surface, followed by drying at 50°C for 24 hours. The assembly 
of the all-solid-state flexible laminated symmetric supercapacitor (SSC) is fairly 
simple, involving just pressing two RPC papers dipped in H3PO4/PVA gel electrolyte 
together followed by transferring it to a fume hood at room temperature to allow 
excess water to evaporate. The aforementioned gel electrolyte was prepared by 
adding 6 g of H3PO4 and 6 g of PVA in 60 mL of deionized water under magnetic 
stirring at 85 °C until the solution becomes transparent. 
 
In an experiment that investigated a graphene/polyaniline@carbon cloth composite as 
a supercapacitor via a simple one-step electrochemical co-deposition process, it was 
realized that graphene oxide to graphene/polyaniline composite must be prepared to 
make the supercapacitor achievable (38). The synthesis of GO through the oxidation 
of graphite flakes was done via modified Hummer’s method. The resulting GO 
dispersion was placed in a centrifuge at 4000 rpm for 30 minutes to remove 
remaining aggregates followed by dialysis to purify salt impurities for 1 week. The 
GO dispersion was then adjusted to 0.36 mg mL-1 for later experiments. To remove 
any grease and impurities, a carbon cloth (1 cm x 2 cm) was soaked in acetone and 
distilled water followed by sonication for 30 minutes. The aforementioned process 
was repeated several times followed by drying process in vacuum at 60 C. Then, a 
transparent solution was prepared by adding 135 microl of aniline into 10 ml of 
distilled water and sonicating it until transparent in room temperature. The electrolyte 
for electrochemical co-deposition was created by adding 1 ml of 1.0 M Na2SO4 and 
the previous sonicated solution into 15 ml of GO dispersion, to be further sonicated 
again for 10 minutes. A three-electrode system was conducted using carbon cloth, Pt 
foil and Ag/Agcl as the working electrode, counter electrode and reference electrode 
respectively. Three different samples needed a slight modification in settings for 
cyclic voltammetry (CV) cycles, namely GP@cc (the sample before this), PANI@cc 
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and rGO@cc with voltage ranges at -1.2 to 0.8 V, 0 to 0.8 V and -1.2 to 0 V, 
respectively. All samples used a scan rate of 2 mV s-1. After each cycle, the samples 
were cleaned with distilled water and repeated multiple times to remove the absorbed 
monomer or salts.  
 
One team (39) experimented on fusing graphene and Polyaniline (PANI) composite 
film together to further study about graphene and nanostructured pseudocapacitance 
material (40, 41). Graphene is known to have a stable but low capacitance due to 
graphene adopting the electric double-layer capacitor mechanism that aids in energy 
storage (42-44). PANI is well known to be a good candidate for supercapacitor with 
pseudocapacitance materials because of characteristics such as environmental 
stability, doping/dedoping chemistry and a special conducting mechanism (45-47). 
Preparation of materials for this experiment is simple, all other reagents mentioned 
would be AR grade and aniline to be distilled before use. GO was obtained via 
modified Hummer’s method. The first step was to fabricate freestanding 3D-rGO 
film. GO solid was dispersed with ultrasonication for 100 minutes and centrifuged at 
400 rpm to obtain approximately 1.25 mg mL-1 of GO dispersion. Subsequently, 0.4 
mol of CaCl2 and 2.5 mL NH3. H2O was added to the GO dispersion respectively 
after CaCl2 was dissolved completely. The mixture was stirred for 10 minutes and 
then placed in a CO2 atmosphere at a rate of 1 L min-1. The mixture was allowed to 
react for 80 minutes, then left to rest overnight. Then, one third of the resultant 
suspension was allowed to undergo vacuum filtration to obtain a GO-CaCO3 film. 
The resultant film was then reduced in hydrazine vapor at 40 °C for 12 hours, cleaned 
with diluted hydrochloric acid to remove CaCO3 particles on the surface and finally 
washed with deionized water and ethanol to get freestanding graphene film. The 
process to prepare 3D-rGO/PANI composite film allows 3D-rGO/PANI 
nanocomposites to synthesize with 3D-rGO film via dilute polymerization. First, 20 
mL of 1 mol L-1 aqueous HClO4 solution was prepared and poured into a reaction 
vessel within an ice bath. 5 mL of ethanol was added to the 3D-rGO film and placed 
next to the reaction vessel to improve the wettability of the film. After the solution 
cooled down, aniline monomer was added and stirred for 10 minutes to obtain a 
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homogeneous mixture. (NH4)2S2O8 (APS) was prepared in 15 mL aqueous HClO4 
solution and precooled (ratio of aniline/APS = 1.5) to act as the oxidant. The oxidant 
was then added into the monomer solution. The polymerization process  started and 
was sustained for 24 hours in an ice bath. A composite film was obtained by cleaning 
the sample with deionized water and ethanol, then drying it in room temperature. 
 
 
Figure 2: Preparation of the 3D-RGO and 3D-RGO/PANI films. a) Mixture of CaCl2 with GO 
dispersion. b) Undergo precipitation and vacuum filtration to get GO/CaCO3 composite films. c) 
Reduction and removal of CaCO3 to form 3D graphene structure. d) Polymerization of 3D 
graphene structure to obtain hierarchical PANI/graphene composites (39). 
 
Another research team studied reduced graphene oxide based off fiber springs to 
enhance the flexibility and regenerative capabilities of a supercapacitor (48) 
Stretchable electronic devices recently have been a strong interest in the modern 
electronics market (49-55). Fiber was incorporated into the supercapacitor as it plays 
an important role to help boost structural strength that makes it flexible, lightweight 
and soft at a low cost (56-58). The combination of fiber and graphene creates 
graphene fibers, which showcases both high thermal and electric conductivity, superb 
stiffness and elasticity, and strong stability (59-62). In practical applications, the 
graphene fibers would undergo high-stressed environments that pushes the reliability 
and stability of the supercapacitor. Therefore, the graphene fibers could potentially 
suffer from mechanical damage, and eventually breakdown (63, 64). Self-healing was 
applied to the graphene fiber supercapacitor to heal damaged fibers, allowing it to 
regain mechanical and structural properties (65). Not only can those materials heal 
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and restore electrical and structural characteristics of mechanically damaged 
supercapacitors, it can also prevent structural fractures from happening (66-68). GO 
was prepared with oxidized graphite powder using modified Hummer’s method. 
Multi-walled Carbon nanotubes (MWCNT) and sodium dodecyl sulfate (SDS) was 
added into 5 mg/ml of aqueous GO solution with a ratio of GO/MWCNTs of 2:1, 1:1 
and 1:1.5. The mixture was ultrasonicated to allow even dispersion , followed by 
addition of Vitamin C particles and ultrasonicated once more for 5 minutes. The 
resulting mixture was injected into 1.5 mm diameter pipes and sealed both ends with 
polydimethylsiloxane (PDMS). GO was reduced after heating in an oven at 90 °C for 
6 hours and the remaining wet fibers were dried. Partially dried rGO/MWCNT fibers 
were the base for electrodeposition of PPy according to literature in 1, 1.5 and 2 mins 
(69). Polypyrrole (PPy) was deposited to rGO/MWCNT fibers using 5% (v/v) pyrrole 
monomer, 0.2 M NaClO4 with a constant voltage of 0.8 V. PPy/rGO/MWCNT fibers 
were physically modified into a spring shaped structure, then followed by coating 
with PVA-H3PO4 gel electrolyte and dried under vacuum at room temperature. Then, 
the springs were placed parallel and coated with the same electrolyte before and dried 
under vacuum. The supercapacitor was finally coated with polyurethane (PU) and 
dried in air. 
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Figure 3: Schematic diagram of the highly stretchable and healable fabrication process. a) The 
twisting process of rGO fibers into springs. b) Preparation procedures of the rGO/MWCNT PPy-
decorated supercapacitors (48).  
 
Using other elements to promote supercapacitor performance is a good approach (70). 
This group discussed on utilizing nickel cobalt sufide to promote supercapacitor 
performance by uniformly dispersing the ncs on the surface of graphene via one-step 
solvothermal method with poly(acrylic acid) (PAA) additive. Nickel-cobalt sulfides 
are binary metal sulfides from transition-metal sulphides (TMSs) group was recently 
considered for their rich redox reactions compared to both single component sulfides 
(NiSx or CoSx) (71). Downsides of Nickel-cobalt sulfide reported were  insufficient 
capacitance under high rate because of the disadvantageous ion transportation length 
and low electronic conductivity (72, 73), and poor electrochemical stability from 
long-term cyclic that creates mechanical stress and strain that eventually causes a 
large change in volume and structural failure (74, 75). The combination of Nickel-
Colbalt sufide nanoparticles on graphene (Ni-Co-S@G) delivers outstanding energy 
densities without sacrificing capacitance or electrochemical stability, since a 
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simultaneous utilization of the active material and contented conductivity can be 
achieved (76-78). All chemicals used in this experiment were AR grade. GO was 
synthesized with modified Hummer’s method to obtain a GO suspension.. The one-
step solvothermal synthesis method was used to fabricate Ni-Co-S@G 
nanocomposite. Ni(CH3COO)2·4H2O, Co(CH3COO)2·4H2O and PAA 
(Mw=~2000, Macklin) with molar ratio of 1:2:2:8 was dissolved in 35 ml 0.5 mg ml-
1 GO suspension in ethylene glycol (EG) at 80 °C under vigorous stirring for 2 hours. 
Then, thiourea was added to the solution to undergo hydrolysis. The resulting solution 
was transferred into a 50 ml Teflon-lined stainless steel autoclave at 200 °C for 10 
hours. The solution was placed in a centrifuge at 5000 rpm to remove the undecorated 
particles. The remaining samples were cleaned with deionized water and ethanol for 
multiple times. Ni-Co-S@G/ACC electrode was fabricated the same way as Ni-Co-
S@G except adding a piece of ACC into Teflon-lined stainless steel autoclave before 
solvothermal. 
 
 
Figure 4: Schematic fabrication process detailing one-step solvothermo method to obtain Ni-Co-
S@G and Ni-Co-S@G/ACC electrodes as (Strategy I) and (Strategy II), respectively (70). 
 
  One incredibly influential role graphene plays is its ability to act as an electrode in 
capacitive deionization experiments. Hummers method can assist in the fabrication of this 
electrode. One example described GO prepared by the Hummers’ method and the powder then 
ultrasonicated into 3 mg/mL DI (79). To prepare what was termed GO@PS microspheres using 
polystyrene, 100mL of the mix was placed into a prepared aqueous suspension of 50 mL PS 
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microspheres under magnetic stirring. Ultrasonication was carried out for 2-3 hours after. Next, 
vacuum filtration with a millipore filter was conducted with the resulting mix. The spheres and 
sheets were peeled from the filter and dried at degrees C. The resulting composites were 
annealed at 550 degrees C for an hour. Next, under N2, the same was done at 900 degrees C and 
a heating rate of 1 degree C/min. This reduces the GO into graphene and the PS spheres are 
taken away. The final resultant material is termed 3DMGA. As expected, there are many other 
ways to fabricate graphene as an electrode for the improvement of capacitive deionization, 
including sulfonic and amine function groups on 3D graphene, as well as dual-template prepared 
carbon composites (80, 81). 
An example discussed on the usage of graphene-coated hollow mesoporous carbon spheres 
(GHMCSs) as electrodes for capacitive deionization (CDI). A temple-directed method was used 
to fabricate GHMCSs, where phenolic polymer coated polystyrene spheres were used as 
templates. As a result, the graphene composite formed a hierarchically porous nanostructure, 
with individual hollow mesoporous carbon spheres uniformly distributed across graphene sheets. 
To fabricate GHMCSs, phenolic polymer coated polystyrene spheres (PF@PS) was synthesized. 
PS spheres procedures were previously reported with a diameter of 180 nm (82). 150 mg of PS 
spheres were dispersed into 50 mL of deionized water, followed by 20 mL of aqueous phenol 
solution (0.188 g) and 10 mL of hexa-methylenetetramine (0.14 g). The solution was gently 
stirring for 15 minutes and transferred into 100 mL Teflon-lined autoclave at 160 C for 4 hours. 
PS@PF spheres was obtained after centrifugation and cleaned with deionized water and pure 
ethanol. The next procedure was to synthesize GO with PF@PS nanospheres. GO was prepared 
via Hummer’s method. A 3 wt% aqueous suspension of the PF@PS nanospheres were obtained 
by re-dispersing them into deionized water. 20 mL of GO dispersion was added into 6g of 
aqueous suspension of PF@PS under magnetic stirring conditions. The solution was 
ultrasonicated for 1-2 hours to obtain a homogeneous colloidal suspension of PF@PS and GO 
hydrosol. The assembly of PF@PS nanospheres and GO sheets was achieved by vacuum 
filtration using a milipore filter. The resulting GO-PF@PS composite from vacuum filtration was 
peeled off from the filter and air-dried overnight at 40 C. Then, the composite was annealed in a 
tunular furnace at 150 C for 1 hour, followed by 900 C for 2 hours under N2 atmosphere at a 
heating rate of 1 C min-1. GHMCSs was obtained from the thermally reduced composite film of 
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GO and carbonized PF, while PS microspheres was removed and HMCs was simultaneously 
formed. 
 
 
Figure 5: An illustration of the fabrication process of graphene coated hollow mesoporous 
carbon spheres (GHMCSs) (83). 
 
 
 Exfoliation of Graphite Oxide 
Exfoliation is among the four most common ways to fabricate graphene and can be 
broken down into many different types. The general method is carried out just as the 
title describes, it is the exfoliation of graphite layers. Mechanical Exfoliation using 
scotch tape was the method used to fabricate the first ever sheet of graphene, but 
lacks the potential for large scale production within a time frame. A contradicting 
example consists of an economical method to produce high-quality graphene films 
similar to the scotch tape method in a large scale via a three-roll mill exfoliation (84). 
One big difference with this study is the ability to continuously exfoliate graphite 
using the three-roll mill system, with the first and third drum rolling at the same 
direction and the second drum’s rolling reversed. Rolling at a constant velocity, the 
rolled graphite will run in an inverted S curve. An adhesive was first prepared by 
dispersing 2.0 g of polyvinylchloride (PVC) into 50 ml of dioctylphthalate (DOP) in a 
magnetic stirrer at 250 °C for 30 minutes. The resulting adhesive was then carefully 
placed in between the feed and the center of the rolls. 1.0 g of pre-dried natural 
graphite at 100 °C for 24 hours was carefully dispersed on the adhesive after the rolls 
started to move to attain maximum surface contact. After exfoliation process has been 
carried out for 12 hours, the resulting materials was collected and steeped in alcohol 
to remove DOP from the product. After that, the sample was placed in the muffle at 
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500 °C for 2 hours to burn away the PVC resin layer to obtain a purely graphene 
product.  
 
 
Figure 6: Depiction of the exfoliation of natural graphite with the three-roll mill system (84).  
 
One big problem with graphene is that graphene sheets tend to stack on top of each 
other, which causes a decrease in surface area. 2D and 3D porous graphene 
architectures were fabricated using KOH and CO2 activation with EGO (exfoliated 
graphene oxide). All materials in this experiment were used without purification. GO 
was synthesized by modified Hummer’s method (85). EGO was prepared by placing 
1g of dried GO in a quartz tube and purging with N2 for a half hour to remove excess 
air. The tube was relocated to a vertical furnace at 800 °C for thermal exfoliation and 
was allowed time for it to cool to room temperature under N2 flow. To create KOH-
activated graphene, the chemical activation of EGO was used utilizing KOH as an 
activating agent. Dry EGO was mixed with deionized water and KOH was added. 
The mixture required 12 hours of stirring, and was then vacuum-dried at 65 °C. The 
resulting gray solid was then added to a crucible, where a N2 glow was added to the 
tube for 1 hour to get rid of the air. Next, there would be a steady temperature 
increase to 800 C. The product was then washed with deionized water, and then 
vacuum-dried marking the end of the KOH experiment. The product behaves 
differently based on the mass of KOH and EGO used. For the CO2-activated 
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graphene, the process remained the same until the N2 flow. After the N2 stream, the 
temperature was increased and the gas stream was changed to CO2 with no change of 
other variables. After CO2 activation, it was cooled to room temperature under N2. 
The final product left a black spongey powder. The product was time dependent and 
not mass dependent. With fluctuation in the KOH/EGO mass ratio or in the time of 
CO2 activation, activated graphene materials with a high specific surface area of 
2518 m^2/g and a high specific capacitance of 261 F/g would be obtained. Key 
factors that influence capacitance would include microporosity, specific surface, and 
surface wettability. A brief example of fabricating graphene using exfoliation paired 
with a template method for the use of capacitive deionization is as follows. Since 
chemical or thermal reduction of graphene exhibits lower electro-absorbitive capacity 
from agglomeration, standard exfoliation was carried out to obtain graphene. The 
graphene was combined with microporous carbon (GE/MC) using a template method. 
This template method consists of a triblock copolymer F127 as a template and resol 
as a carbon precursor by a direct triblock-copolymer-template method. The resultant 
composites showed the mesoporous structure to be well structured with the addition 
of graphene. Specific surface area, pore size distribution, and pore volume were all 
improved through this method (13). 
In this example, the author discussed about interconnecting carbon fibers (CFs) in 
carbon cloth (CC) via In-situ electrochemically exfoliated graphene. Carbon cloth are 
mechanically flexible woven carbon fibers, which are popular for their electrical 
conductivity, flexibility, chemical stability and porosity. The issue presented on 
carbon cloth exhibits a very low surface area due to micro-sized gaps between the 
fibers during production. By interconnecting CFs, it showed significant amount of 
improvement in specific capacitance, surface area and conductivity (86). 
 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) is a fabrication method used to produce high-
quality thin filmed graphene, while maximizing its performance. It involves heating 
materials, in this case carbon, to a vapor and/or reducing the atmospheric pressure to 
coat a substrate. This substrate is a metal to act as a catalyst in the graphene growth 
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(87). It is the most commonly used fabrication method for graphene. The process is 
quite simple and has the potential to coat large surface areas. Electrochemical 
deposition, is also used for graphene fabrication, but is not nearly as commonly used 
since it may require a multi-electrode setup and because CVD is much more simple 
(88). 
 
This report described the production and fabrication methods used for devices that 
utilizes graphene, as well as the flexible electronic devices that are enabled by 
graphene (89). Both chemical vapor deposition (CVD) combined with transfer 
techniques and chemical exfoliation (CE) have advantages for application on 
substrates like wafers, polymers, textiles, and even human skin. The CVD approach is 
known to grow large-area and high-quality graphene films using a carbon gas source. 
Common metals include Ni, Fe, Co, Pt, and Cu. To grow graphene film, there are 3 
main stages: the diffusion of carbon into the metal film at a specific temperature, the 
stripping of carbon out of the thin metal film during the cooling process due to the 
reduction in solubility, and the formation of graphene layers on the surface. A 
relationship was found that a relatively high solubility of carbon atoms is projected to 
produce thick graphene films, as well as the other way around, having low solubility 
produce monolayer films. Other CVD methods like rapid thermal CVD method 
involves hydrogen-free, low-temperature conditions, which enables faster and larger 
production of films over a 400mm x 300mm surface area. Regardless of the method, 
substrate pre-treatments, polishing, and annealing are crucial for suppressing 
nucleation site density and even producing monolayer graphene. Another important 
factor for flexible electronic devices is graphene patterning techniques (direct 
patterned growth from a metal substrate). Another method called plasma enhanced 
chemical vapor deposition (PECVD) has benefits in contrast to CVD, like direct 
growth on a plastic substrate or nanostructures. However, CVD is still more effective, 
especially at high temperatures. This report includes more detailed methods and 
transfer methods. 
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An experimental example utilized flexible transparent graphene electrode to improve 
the performance of perovskite solar cells due to the increase in demand to use 
perovskite solar cells as reliable portable power source (4). CVD-grown graphene 
transfer method and copper foil was used to create a single layer graphene-deposited 
PEN substrates. The CVD grown single layer thick graphene film was deposited on 
the copper foil, forming a graphene/copper foil composite. PMMA 
(poly(methylmethacrylate)) was spin coated on the graphene/copper foil composite 
and heated on a hot plate at 180 °C for 1 minute. The foil was then etched after 
placing it in an aqueous solution of ammonium persulfate (H8N2O8S2). The resulting 
sample was placed on a UV-zone treated PEN-film and submerged in acetone 
solution to remove the PMMA. The graphene/PEN sample was then dried in a 
nitrogen blower. To increase the electrical contact, each sample of Cr, Au and Al  was 
deposited consecutively through a rectangular metal aperture mask with vacuum 
thermal evaporator. A MoO3 layer was deposited at a rate of 0.1 A_dot s-1 to adjust 
the surface properties. The sample was then annealed at 110 °C for 10 minutes and 
cleaned with acetone, isopropyl alcohol and deionized water for 15 minutes 
respectively, followed by UV-ozone treatment for 20 minutes. While during the 
whole fabrication process, it is crucial to maintain the flatness of the flexible substrate 
to ensure the properties of the highly efficient flexible solar cells. Glass/PDMS 
(polydimethylsiloxane) was used as a rigid support to achieve constant flatness. The 
graphene/PEN substrate or ITO was placed on the support for the whole duration of 
the fabrication process. Once the process was completed, the device was peeled off 
from the support to be characterized. Perovskite solar cells utilizing transparent 
graphene as a conducting anode produced a highly reliable and efficient results 
compared to the ITO counterparts.  
 
Another research team looked into the utilization of graphene foam electrodes loaded 
with sulfur (90). Generic Lithium Ion batteries (LIBs) at its best was unable to meet 
high energy density and long life applications in the near future (91). Although 
Lithium Sulphur batteries (LiS) was a strong contender for the next generation of 
batteries with much higher capacity and energy density with a two-electron reaction, 
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sulfur loading in the cathode is inadequate (92). Utilizing graphene foam ties the 
robust properties of graphene and porous network for high sulfur loading brings 
flexible Li-S battery electrodes. Ni foam grown graphene via CVD was reported in 
previous works (93, 94). Briefly, the Ni foam was heated up in a horizontal tube 
furnace at 1000 °C with H2 atmosphere and annealed for 15 minutes to clean and 
eliminate the thin oxide layer on the surface. CH4, with a concentration of 29 vol% in 
all total gas flow was introduced into the reaction tube with H2 and Ar at ambient 
room pressure for 30 minutes. Subsequently, the resulting sample was cooled to 100 
degrees C/min under Ar and H2 atmosphere. After the CVD growth process, a thin 
layer of graphene/poly(dimethylsiloxane) (PDMS) was coated onto the graphene 
surface on Ni foam by dipping it into a dilute PDMS solution for 30 minutes. The 
sample was then cured at 80 °C for 4 hours. The Ni substrate layer was etched away 
by placing it in a 3 M HCl solution at 80 °C for 12 hours to obtain PDMS/GF 
composite. A homogenous sulfur slurry was prepared by mixing sulfur and 
conductive carbon black at 10 wt% PVDF acting as a binder dissolved in N-methyl-2-
pyrrolidone (NMP) to produce PDMS/GF electrode. The slurry was carefully casted 
into the PDMS/GF composite with a controlled sulfur loading to obtain S-PDMS/GF 
electrode. The electrodes were ready to be used after drying it in a vacuum drying 
oven at 60 °C for 24 hours. 
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Figure 7: Schematic of the synthesis procedure to fabricate PDMS/GF and S-PDMS/GF 
electrodes (90).  
 
An example of a simple fabrication method consists of sandwich-like carbon 
nanotubes (CNTs)/NiCo2O4 hybrid highly conductive paper (95). The metal 
compound, spinel nickel cobaltite (NiCo2O4), showcased to have ultra-high 
theoretical capacitance (96), better electrical conductivity and variety of redox 
reactions (97). NiCo2O4 is also environmental friendly, low cost and its natural 
abundance makes it a very attractive for usage with electrode applications (98). 
Within consist of a layer of conductive CNT buckypaper to house honeycomb-like 
NiCo2O4 nanosheets and to provide strength that makes it flexible. CVD method 
using ferrocene and dichlorobenzene as precursors was the method to synthesize CNT 
buckypaper (99). CNT buckypaper was sliced into approximately 0.9 x 0.7 cm2 
rectangular pieces and treated with UV/O3 for 2 hours. Precursor solution was 
prepared by dissolving 4.17 mM Co(NO3)2·6H2O, 2.06 mM Ni(NO3)2 . 6H2O, and 
6.25 mM urea in 30 ml methanol. A piece of as-prepared CNT buckypaper was 
placed into the precursor solution, followed by sealing the mixture in 50 ml Teflon-
lined autoclave. The mixture was hydrothermally treated at 120 °C for about 1 to 6 
hours for the fabrication of the composites. After the sample was cooled, it was 
cleaned with deionized water repeatedly, followed by freeze-drying and annealed in 
air at 320 °C for 2 hours to obtain CNTs/NiCO2O4 paper-like electrode. 
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One report discussed about reduced graphene sheet (GR) patched carbon nanotubes 
(CNT)/MnO2 as a suitable pseudo-capacitive electrode material as those materials 
which includes conductive polymer and transitional metal oxides has shown to have a 
much larger electrochemical capacitance and electrical densities (100-102). MnO2 
alone possesses the characteristics of high-performance supercapacitors such as a 
wide potential range, environmental friendly and low cost (103), but lacks low 
conductivity and the flaking off phenomenon from the cyclic crystal 
shrinkage/expansion (104). Multiwalled CNTs (MWCNTs) was first synthesized via 
Chemical Vapor Deposition (CVD). GO was obtained via Hummer’s method and 
reduced to obtain a highly conductive GR nanosheet by according to the literature 
(105). The main process to obtain CNT papers was vacuum filtration. Catalyst 
particles was removed by carefully shearing MWCNTs to pieces (CNT cotton) with 
high speed shearing followed by immersing it into 5 mol/L of aqueous hydrochloric 
acid solution for 48 hours. The cleaned MWCNTs were sheared the same way again 
and dispersed into deionized water this time via ultrasonic treatment with Tween-80 
to act as the dispersant. Then, a cellulose filter membrane with pore diameter of 0.45 
microm was used to filter the uniformly dispersed CNT solution by vacuum filtration. 
The resulting sample was cleaned with deionized water several times to ensure the 
removal of remnant dispersants. The sample was placed and dissolved in acetone to 
obtain a freestanding CNT paper. The size of the CNT paper is controlled by the size 
of the filter, which ranges from 40 mm in diameter to A4 size. Electrochemical 
galvanotactic deposition with a two-electrode model was used to coat CNT papers 
with MnO2 nanoparticles on the surface. For larger sized CNT papers, the papers 
were bent into a ring shape in a 500 ml graduated cylinder to act as the working 
electrode along with a stainless steel rod as the auxiliary electrode. The electrolyte 
used in this process were 0.6 M MnSO4 and 0.8 M H2SO4. The temperature of this 
whole process was controlled by a water bath. The composite paper was cleaned with 
deionized water to remove remnant electrolytes, then immersed it in a 0.05 mg/ml GR 
solution for a few hours to infuse the GR into the composite paper. The sample was 
then dried in a vacuum at 60 °C for 4 hours and collected to use. The counterpart of 
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the asymmetric supercapacitor, flexible CNT/PANI composite paper was prepared 
with CV electrochemical polymerization in an electrolyte mixture that consist of 1 
mol/L H2SO4 and 0.5 mol/L aniline for 300 cycles. A saturated calomel (SCE) was 
used as the reference electrode and a graphite sheet was used as the auxiliary 
electrode. The voltage used in this process ranged from -0.2 V to 0.8 V with a scan 
rate of 100 mV/s. 
 
rGO/CNT is grown on Carbon Fiber (CF) with the combination processes 
electrophoretic reposition (EPD) of GO onto surface of CF to follow up with floating 
catalyst chemical vapor deposition (FCCVD) (106, 107). CNT is a great candidate to 
be utilized as electrode material for supercapacitor fabrications (108-111). To make 
the aforementioned samples, CF-GO hybrid must be fabricated first. A plain-weave 
CF sheets (10 x 10 mm2) was acting as the substrate. 200 mg of GO was obtained 
from modified Hummer’s method with natural graphite powder (112). The GO was 
dispersed into 100 mL of deionized water and sonicated for 1 hour. Then, CF sheets 
were connected to the positive and negative terminal of a constant voltage source. 
The CF sheets were soaked in GO solution with the voltage range of 2.0 to 5.0 V, 
with a deposition time of 1 minute. Next, CF-rGO-CNT hybrid sample was 
fabricated. From the author’s previous works (113), CNT grafted CF-rGO was 
discussed. Briefly, a mixture of concentrated solution containing carbon 
source/catalyst was prepared. 0.35 g of grounded ferrocene was dissolved into 7 mL 
of xylene solution and sonicated for 1 hour until the color turned to orange red. Then, 
CF-GO hybrid was placed into the middle of the furnace under 200 scum argon 
atmosphere through a tube furnace to ensure no air was left in the system. The 
furnace temperature was set to 750 °C at the heating rate of 15 °C min-1, with 50 
scum hydrogen and 350 scum argon. The final mixture was injected into the furnace 
with a rate of 0.2 mL min-1 for 30 minutes and addition 5 minutes for reaction. The 
final product obtained was CF-rGO hybrid that can be directly used as a template for 
CNT growth. CF-rGO-CNT hybrid growth can be seen in Figure 8. 
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Figure 8:  Schematic of the fabrication procedure to produce CF-rGO-CNT hybrid. Inset picture 
shows the before and after CNT growth effects on the CF-rGO substrates (106).   
 Epitaxial Growth 
Epitaxial growth is a fabrication method used to produce large scale graphene films 
as a microfabrication process. It can be grown and can incorporate CVD as a process 
to deposit graphene on specific substrates. When deposition is involved the main 
difference between the two is that CVD uses conducting substrates while epitaxy uses 
an insulator substrate (114). Epitaxial growth is known to use SiC because of its 
flexibility and carbon content so that when the silicon is removed or melted, carbon 
(graphene) can be left over depending on how the experiment is carried out. Different 
commonly used ways of measurement for characterization include STM and LEEM. 
Fabricating graphene through epitaxial growth is a great option for large-scale 
application-fitting desires, but a uniform thickness on a large domain holds to be a 
difficulty to get past, along with substrate bonding affecting the electronic properties 
of the graphene layers produced. The use of different substrates allows for 
eliminating these drawbacks. For example, one source sets out use epitaxial growth 
on ruthenium(0001) to produce arrays of graphene in a layer-by-layer fashion to 
provide a path towards synthesis for applications in electronics (115). 
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Because of graphene’s properties, creating N-doped graphene for electrode material 
in recent studies show that N incorporation in graphene can potentially enhance the 
electron transfer efficiency for use in electrochemical capacitors. In this experiment, 
graphene nanowalls (GNWs) and N-doped graphene nanowalls were synthesized on a 
carbon cloth (CC). Before the synthesis, the CC was brought into a MPECVD 
chamber. H2 plasma was ignited by supplying 99.999% H2 into the chamber to rid of 
impurities from the CC at 900 degrees Celsius, 40 Torr, and 1500W for a few 
minutes. Once H2, CH4, and SiH4 (200:5:1) were added in, plasma was maintained 
under 1500-2000W at 1300 degrees Celsius for a few hours to allow SiC nanowalls to 
grow. The supply of CH4 and SiH4 were stopped while the substrate temperature was 
kept at the same temperature. The layers of graphene were grown covering the SiC 
nanowalls from surface graphitization under H2 plasma ambient within seconds. The 
GNWs were functionalized within NH3 by prolonging the process soon after the end 
of CH4 and SiH4, which is the N-doping. The process describes successful large-
scale direct-growth for GNWs on a flexible substrate. The result NGNW showed 
maximum specific capacitance of 991.6 F/g, an energy density of 275.4 Wh/kg, and a 
power density of 14.8 kW/kg (116). 
 
Another team of researchers presented a low-cost and simple epitaxial lift-off flexible 
and transparent single-crystal gold foils electrodes with silicone as the base (117).The 
interest to move beyond the conventional silicone-based chips to innovate newer 
electronics such as flexible transparent displays, wearable solar cells, and sensors 
(118-123). Although numerous breakthrough with ultrathin Si foils was found to 
support flexible devices and architectures, the typical fabrication process for ultrathin 
Si foils, vacuum evaporation or sputtering, are known to suffer from polycrystallinity 
or textured deposit that leads to electron-hole recombination at grain boundaries 
(124). This research presented a wafer-sized flexible and transparent gold foils. With 
the help of the epitaxial lift-off method on single-crystal substrates, a free-standing 
single-crystal foils can be fabricated by dissolving an adhesion layer as the sacrifice 
(125). Epitaxial lift-off procedure for ultrathin electrodeposited Au single crystal foils 
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on Si(111) substrate was shown in Figure 9. A method developed by Allongue and 
co-workers were used to electrodeposit epitaxial Au on Si(111) substrate (126, 127). 
A single-crystal Si(111) with properties such as 1.15 ohm.cm of resistivity and  0.2° 
miscut towards (112) was used as the substrate for Au foil growth. 0.1 mM HAuCl4, 
1 mM KCl, 1 mM H2SO4, and 0.1 M K2SO4 with a pre-polarized Si electrode at -1.9 
potential voltage vs. Ag/AgCl was inserted into the solution to perform the deposition 
process at room temperature. The pre-polarization of the electrode activated the 
epitaxial growth of Au and helped with the formation of an amorphous native oxide 
layer on the substrate. A sacrificial SiOx layer was grown in between Au and Si 
deposits via photoelectrochemically oxiding Si under 0.75 potential voltage of light 
irradiation vs Ag/AgCl in 0.5 M H2SO4 solution. Then, polymer adhesive as the 
additional support and facilitator for the foil separation process was added onto the 
surface of Au. The etching process was carried out by using 5% dilute hydrofluoric 
acid to detach Au foil from the Si substrate. The foil was easily separated from the 
etched SiOx layer. The remaining Si substrates was etched with 0.6 M of KI and 0.1 
M of I2 solution to dissolve any Au particles to ensure a clean Si substrate ready to be 
reused. The Si substrate can be reused numerous times because of each removal 
process of the 2 – 3 nm thick of SiOx during fabrication was without extensive 
roughening.   
 
 
Figure 9: Depiction of the epitaxial lift-off method on a single-crystal Au foil. a) A pure n-type 
Si(111) non-oxidized wafer. b) Epitaxial deposition of Au on the Si(111) wafer. c) An insert of 
SiOx layer in between the Au and Si layer via photoelectrochemical oxidation of Si under 
irradiation of light. d) A form of adhesive (tape/hot glue) was placed on the Au layer to assist in 
  30
the lift-off process. e) Sacrificial SiOx layer was etched to provide easy separation of the Au foil 
from the Si substrate. f) A successful separation of the Au foil from the Si substrate (117). 
 
Table 2: Pros and Cons of discussed methods. 
 
 Quality Enhancement Techniques 
Complementary techniques are done within an experiment to assist the main methods 
that were earlier described. One or all methods can be involved within an experiment 
and each offers result that make fabrication more successful or simpler. A compiled 
set of advantages and disadvantages to using each complementary factor can be found 
in Tables 2 and 3. Other techniques can be implemented and created in fabrication, 
like using a Fe-catalyzed glucose-blowing approach with NH4Cl as a clowing agent 
and Fe as a graphitization catalyst to fabricate graphene-like carbon nanosheets (134). 
Even by doping graphene with dual atom (N, P) will significantly boost the oxygen 
reduction reaction (ORR) and oxygen evolution reactions (OER) performance (135). 
 
4.5.1  Vacuum Filtration 
Suction (vacuum) filtration is a technique carried out in chemistry recrystallization 
experiments that gives a greater rate of filtration. Compared to normal filtration, 
which uses gravity as the force to push the liquid through the filter, vacuum filtration 
uses a pressure gradient. This allows for a variable rate depending on the pump 
strength. Vacuum filtration can be applied to any method, since its effects can benefit 
GO substitutes or solutions in different ways. It can also be implemented in ways to 
insert nanostructures within graphene sheets, like the example of a filtration method 
via self-assembly of water dispersible graphene and mesoporous carbon nanosphere 
Method Pros Cons Citations 
General Hummers Quick oxidation method, most effective 
High consumption of the oxidants and 
intercalating agents. 
High cost and poor scalability in real-world 
application 
(17, 128) 
Exfoliation of 
Graphite Oxide Simplicity, low cost Hard to fabricate in a large scale (84, 85) 
Chemical Vapor 
Deposition 
Large quantity, high quality, Single 
Layer Graphene (SLG) Expensive Equipment, Time consuming 
(18, 38, 129-
132) 
Epitaxial Growth Large quantity, van der Waals heterostructure,  
High Temperature, Inconsistent Uniformity, 
Effects of substrate bonding (115, 133) 
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(MCS) using the MCS to be inserted between graphene sheets by vacuum filtration 
(136). Overall, it is done to filter out liquid in a solution so that all that is left is 
graphene. 
To reproducibly obtain uniform thin films with enough GO layers over large surface 
areas, the vacuum filtration method is a good approach. The vacuum filtration method 
can be used widely to deposit highly uniform single-walled carbon nanotube thin 
films. As described in the following experiment, as well as in a general sense, 
vacuum filtration is the filtration of a GO suspension through a commercial mixed 
cellulose ester membrane, which has an average pore size of 25 nm (137). The 
membrane pore sizes can vary for each experiment depending on the desired 
filtration. The Liquid passes through the pores, but the GO sheets become lodged. 
Another report starts out with GO from applying the modified Hummers method (17). 
In preparing the rGO films, vacuum filtration was applied to aqueous solutions of the 
created GO using mixed cellulose ester membranes as the filter (filtration volume can 
fluctuate depending on the desired film thickness and transparency. This also applies 
to variance in GO solution concentration). Here it can be seen that transparency and 
film thickness are key elements in vacuum filtration, along with the pump strength to 
determine the variable rate of flow. 
In an example of a hybrid fabrication method, one team compared the use of carbon 
black (CB) as a conductive additive for both graphene and reduced graphene oxide 
(rGO) (138). The graphene/CB mixture acts as a good supercapacitor electrode. The 
reduced graphene oxide/CB mixture was subjected to vacuum filtration methods to 
obtain a free-standing, flexible nanocomposite film. Vacuum filtration is essential in 
obtaining the film, regardless if it is a hybrid material or not. The benefit of using CB 
is that it not only acts as a conductive additive but it also acts as a spacer which 
prevents restacking of rGO layers. Preventing restacking is desirable because it means 
that the layer(s) will reach a larger surface area and higher capacitance. CB amounts 
must be balanced/regulated though, because too much can cause agglomeration. 
 
4.5.2  Roll-to-Roll Production 
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Roll-to-roll (R2R) production is a unique complementary method and transfer process 
that falls under CVD. It involves a multistep process with a long and thin copper film 
for the graphene to be applied to. Roll-to-roll production is usually accompanied by 
wet-chemical doping of (mainly) monolayer graphene films grown by chemical vapor 
deposition onto flexible copper films (139). Due to lack of efficient methods for 
synthesis, transfer, and doping of graphene at the nanoscale, the production of 
transparent conducting films from graphene are difficult. In the roll-to-roll wet 
chemical doping process, there are essential steps to ensure success. The films used 
have sheet low resistances (~125 Ohms) and high optical transmittance (~97.4%). 
The graphene film was grown on copper foil and attached to a thin adhesive polymer 
film. Copper was removed by electrochemical reaction with a solution, in the 
following case it was ammonium sulfate. Finally, the films were separated so that the 
graphene film can be thermally treated. It is assumed that the graphene was grown on 
copper foil because of its relatively cheap price point and electrical conductivity. 
Copper foils with larger grain size yielded higher-quality graphene films. The copper 
foils were heat-treated to increase the grain size. 
An in-depth experimental detail showed a similar approach and explained their four 
key steps for the R2R encapsulation (140). The first step was R2R growth of a long 
monolayer graphene film on Cu foil from the CVD method. Second was either 
coating or transfer of metal nanowires onto a EVA/PET (ethylene vinyl acetate/ 
polyethylene terephthalate) plastic film. The usage of the exact plastic as the film in 
other experiments was optional. Third, hot lamination of graphene/copper foil onto 
metal nanowires precoated with EVA/PET plastic was carried out. Lastly, 
electrochemical bubbling delamination of graphene film from copper foil was done. 
The process started out with a roll of continuous monolayer graphene film grown on 5 
cm x 5 m copper foil by the CVD method. After electrochemical transfer, Cu foil 
could be preserved and reused for graphene growth. The following figure illustrates 
the process that is being described. 
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Figure 10: Roll-to-roll process involving the growth stage, hot lamination, NW coating, and 
electrochemical delamination (140). 
 
 
Figure 11: In depth illustration on the roll-to-roll producing graphene films on a copper film 
involving adhesion of polymer supports, Cu etching and dry transfer printing (139).  
 
Three cycles were conducted and after Raman spectra analysis, the graphene R2R 
grown on the reused copper foil was improved. This was from the surface flattening 
and grain size enlargement of the foil during high temperature annealing. Next, the 
metal nanowires were coated on the EVA/PET sheet by using a Mayer rod. The EVA 
surface was pretreated by air plasma so that its hydrophilicity is improved. Once the 
CuNWs (copper nanowires) were coated, Cu/graphene film was hot-laminated onto 
the CuNWs which creates a laminated structure at 100 degrees C. This was done by 
two rollers giving off the specified heat and mechanical pressure during the 
lamination. This process reduced air traps, cracks, or any blemishes due to the 
simultaneous heat and pressure. What was left was a cathode film of 
Cu/graphene/NWs/ EVA/PET. Lastly, it was stripped away of the lamination by, 
  34
what the source calls it, the electrochemical bubbling delamination transfer method. 
This process involved the laminated film to be partially immersed in water. While 
immersed, hydrogen bubbles were generated through water electrolysis, which 
delaminated the graphene film at very low electrolysis voltage. The speed at which 
the film immersed and emerged can reach up to 2 cm/s. Since the cathode has a 
negative charge during the delamination process, the films can avoid oxidation and 
the Cu foil can be reused. The resulting graphene/NW/plastic films proved to have 
high optoelectronic performance, great corrosion resistance, flexible, and 
adhesiveness. This film proved to be successful for flexible, transparent electrodes. It 
offered mass production and low cost, which helped to pave a pathway to future 
applications. Other R2R experiments may include alterations like expanding the 
length of the copper foil to 100 meters long in the process (130). Another group 
fabricates films at 294 mm thin under low temperatures (131). This shows that the 
R2R complementary factor does not have to be done in critically specific ways. 
However, the experiment provided by Deng and Hsu does provide an appropriate film 
length and appropriate steps to fabricate a stable, successful electrode. 
 
4.5.3  Ultrasonication 
Ultrasonication is a process that applies sound energy to agitate particles in a sample 
with frequencies greater than 20 kHz. It reduces small particles in a liquid to enhance 
stability and uniformity. Two common ways to apply ultrasonication to a solution are 
by bath and probe units. Even though bath units are more commonly used, they have 
two drawbacks that decrease experimental repeatability and reproducibility (141). 
These two drawbacks are a lack of uniformity and a decline of power over time. A 
lack of uniformity is resulted from ultrasonic baths because only a portion of the 
volume of the ultrasound source experiences cavitation. Luque-Garcia and De Castro 
suggested that ultrasonic probes have the upper hand over ultrasonic baths since they 
focus their energy on a localized sample zone, which allows for more efficient 
cavitation. 
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This experiment started out by using Hummers method to oxidize and form the 
graphite oxide (132). It was then added to a concentrated solution of H2SO4, 
K2S2O8, and P2O5 with an atmospheric temperature of 80 degrees C. Further 
experimental processes similar to the Hummers method examples were carried out 
until the point that the obtained graphite oxide powder was dried and dialyzed in 
0.5% graphite oxide dispersion. At this point, a new approach was taken instead of 
the common next step of exfoliation of graphite oxide. SDBS (sodium 
dodecylbenzene sulfonate) was added as a surfactant, which facilitated the 
exfoliation, lowered the surface tension, and allowed for a larger sheet of graphene 
oxide from ultrasonication. Using Ultrasonication as the exfoliation method allowed 
for particle agitation to properly exfoliate the solution. It is typical to sonicate 0.1 
mg/mL graphite. In a review, sonication was carried out with lithium salt intercalated 
graphite mixed with water (142). It recorded more than 80% few-layer graphene, 
where lithium and water react to form hydrogen gas which can further aid exfoliation. 
 
One group utilized fibers as the base for a superconductor material that was capable 
to show great performance in conductivity and capacitance (143). A flexible fiber-
shaped supercapacitor (FSSCs) was recently picked up by researchers due to its 
potential to be assembled into other structural systems in flexible electronic 
applications for its tiny volumes, structural flexibility, and high capacitance density 
(144-148). The ED (electronic deposition) method was previously reported to prepare 
the nickle-coated CF (carbon fiber) successfully (149). The fabrication of nickel-
coated carbon fiber started off treating CF threads with acetone, alcohol and distilled 
water respectively under ultrasonication for 15 minutes. After that, the CF thread was 
immersed in 10 g . L-1 of SnCl2 for 20 minutes, followed by cleaning it with distilled 
water several times and then drying it at 70 C. Subsequently, the CF thread was 
immersed into 0.25 g . L-1 of activated PdCl1 and 10 ml . L-1of hydrochloric acid 
solution for 20 minutes, then repeated the same cleaning and drying process as 
before. The resulting treated CF thread was then immersed into a homemade plating 
bath (40 g . L-1 of NiSO4 . 5H2O, 20 g . L-1 of sodium citrate, 10 g . L-1 of lactic 
acid and 1 g . L-1 of dimethylamine borane in water) at 90 °C for 15 minutes to 
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undergo electronic deposition method to obtain the metallic structure in the water 
bath. The next step is to fabricate the pen ink/nickel/CF via facile dip-coating method 
(150). The procedure required the previously prepared nickel-coated CF to be 
immersed into pen ink solution (average thickness of in film = 600 nm) for 5 minutes. 
After that, the nickel/CF was transferred into a hot stage at 60 °C for 2 hours. The 
desired thickness of pen ink to be coated on Nickel/CF could be controlled via 
repeating the aforementioned process until desired thickness. Then, the fabricated Pen 
Ink/Nickel/CF sheet was coated with Ni-Co DHs via ED method in a standard three-
electrode system at 25 C. The pen ink/nickel/CF was treated as the working electrode, 
where else a Pt wire was the counter electrode and the saturated calomel electrode 
(SCE) as the reference electrode. 100 ml of 0.1 M metal ion solution with 
Ni^2+/Co^2+ with a 1:2 ratio was the acting electrolyte for the process, with the 
voltage range from -1.0 V for 10 minutes. The resulting Ni-Co DHs/pen 
ink/nickel/CF sheet was cleaned with distilled water followed by drying at 60 °C for 
30 minutes. The final process involved the assembly of solid fiber supercapacitor. An 
electrolyte consisting of PVA/KOH gel was prepared with 3 g of dissolved PVA in 20 
mL of distilled water at 100 °C under vigorous stirring for 1 hour. Subsequently, 10 
ml of 0.3 g . mL-1 KOH solution was added into the previous mixture via the drop 
method gradually, followed by a continuous stirring at 80 °C for 1 hour. Then, Ni-Co 
DHs/pen ink/nickel/CF was used as the positive electrode while pen ink/nickel/CF 
was used as the negative electrode for the ED process consisting of the prepared gel 
electrolyte for 5 minutes. After the ED process, the resulting samples were taken out 
to be dried at room temperature. Finally, PVA/KOH gel electrolyte was used to 
assemble the previously said electrode together, placed in a silicone tube to be 
protected and heated at 60 °C for 2 hours to evaporate excess water containing in the 
electrolyte. 
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Figure 12: a) Illustration of the fabrication process to produce flexible fiber-type solid-state 
asymmetric supercapacitors (143).  
 
4.5.4  Hydrothermal 
The hydrothermal method is a method done to substances that are intended to be 
mixed with graphene to create a hybrid. This method involves using an autoclave and 
temperature control to crystallize or recrystallize a substance. It can also apply to any 
main method of fabrication, since the hydrothermal method allows for crystallization 
and each method can operate with a solid hybrid material. In the following example, 
fabrication of a graphene/vanadium hybrid supercapacitor electrode took place. The 
mixtures were designated as VURGO and VSRGO (Vanadium Ultralarge/Small 
Reduced Graphene Oxide) and were produced through the following process (151). 
The preparation of UGO started with thermally expanding graphite flakes and 
synthesizing GO using the Hummers method. The GO was diluted with deionized 
water and centrifuged at 8000rpm for 40 min, which was when the SGO was 
obtained. The sediment was spread in deionized water and centrifuged another time, 
except at 4000rpm. A precipitate was produced, which contained the UGO, and was 
added to DI water. Usually, ultrasonication is a step that follows this, but it was not 
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done here specifically because it reduces the lateral size of the GO sheets. The highest 
yield for UGO was at 8.3 wt%. Modifications should be made to see a higher yield 
for UGO. 
In continuing to fabricate VUGO and VSGO, the VO2 was synthesized by the 
hydrothermal method, which crystallized the substance for high-quality crystal 
growth and composition control. Using a VO2:UGO weight ratio of 7.3 or using an 
annealing temperature of 250 °C for 2 hours are two ways to optimize the electrodes 
in forming a free-standing film. The VUGO mixture was stirred at 70 °C for an hour 
and then filtered through a cellulose acetate membrane by method of vacuum 
filtration. Make it known that the transparency and film thickness will depend on the 
characterizations of the membrane used. The film must be washed with DI and dried 
several times until it can be removed from the filter paper. The film was annealed at 
250 °C for 2 hours in argon gas so that the GO could change to reduced graphene 
oxide (rGO). VURGO proved a better resultant than VSRGO, because of its porosity 
and interconnected structure. This example showed that the hydrothermal method 
used to fabricate a graphene mixture can simply apply to just the hybrid material 
being added (in this case the VO2). 
One group discussed about a freestanding reduced graphene electrode coated with 
carbon Li4Ti5O12 nanosheets (LTO-C/rGO) to be used in sodium ion batteries (152). 
Electrochemical performance of nano/microstructured LTO composites and carbon-
based materials such as CNT and graphene was focused to be improved. The 
improvements for the former are the transportation lengths of Na ion and shortens the 
electron (153-155) where else the latter provides more efficient electron 
transportation (156-161).  Firstly, modified hydrothermal method with annealing was 
used to fabricate LTO nanosheets (162). To process involved 1.7 ml (5mM) of 
tetrabutyl titanate, 0.189 g of LiOH. H2O and an estimated amount of GdCl3. 6H2O 
to be mixed into 20 ml of ethanol under magnetic stirring for 24 hours at room 
temperature. After that, 25 ml of deionized water was added into the mixture and stir 
it for 0.5 hours. The resulting solution was then transferred into a 50 ml Teflon-lined 
stainless autoclave and placed into an oven. The solution was heated to 180 °C for 36 
hours to achieve Li1.81H0.19Ti2O5 xH2O (H-LTO). After the hydrothermal process, 
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white H-LTO precursor was collected at the bottom of the reactor. The 
aforementioned sample was then washed with ethanol 3 times, followed by heating at 
700 °C for 6 hours in a horizontal furnace tube with air to get LTO nanosheets. Next, 
LTO nanosheets needed to be coated with carbon. H-LTO precursor was then 
prepared and allocated 200 mg to be dispersed in 10 ml of ethanol under magnetic 
stirring. Nominal 5 wt% of H-LTO precursor and D(t)-glucose ethanol was dissolved 
in 5 ml of ethanol and later to be drop-wise added into the previous solution and 
stirred, followed by slow evaporation at 80 C. The resultant slurry was heated to 700 
°C under stirring with Ar/H2 (5%) atmosphere for 6 hours to obtain carbon-coated 
LTO (LTO-C) nanosheets. The final step was to obtain LTO-C/rGO film by getting 
GO via oxidized graphene using modified Hummer’s method. LTO-C nanosheets 
were dispersed into 100 ml of 1 M NH4HCO3, later to be added drop-wise into a 
solution with dispersed GO in 100 ml of deionized water with magnetic stirring. 
Resulting black composite that sank to the bottom within 10 minutes was collected 
with vacuum filtration through a microporous filter (0.45 microm). The black 
composite was dried at 60 °C for 6 hours, then peeled off and annealed at 700 °C 
under Ar/H2 (5%) atmosphere for 2 hours. Then, a free-standing LTO-C/rGO film 
was fabricated. 
 
4.5.5 Substrates 
There are two main types of bendable electrodes for LIBs/SCs. One uses 
nonconductive bendable substrates, such as paper, polymers, and textiles to support 
the active materials (163-166). The selected materials must meet certain requirements 
including ability to deform under stress/strain. The other uses conductive supports, 
which involve CNTs or graphene films with high conductivity. On top of having an 
ideal elastic modulus and having ionic conductivity, whatever material used for 
flexible electrode (in this case graphene) should have substrates that do not produce 
any contaminants during electrochemical reactions and should be totally inactive 
against any chemicals in the system. High resistances would be a drawback too. 
Polymer substrates have high resistances, which acts against what is trying to be 
achieved, so the use of substrates with lower resistances like Cu or Al foil current 
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collectors is more desirable. The figure below shows the difference between using 
polymer substrates (purple) and using cellulose paper/cloth substrates (green). 
 
Figure 13: Comparison of cellulose paper (green) and polymer non-conductive substrates 
(purple) for flexible electrodes (conductive meaning graphene) (163). 
 
4.5.6 Comparison Table for Quality Enhancement Techniques 
Table 3: A comparison table for quality enhancement techniques. 
Methods Pros Cons References
Vacuum Filtration Large Surface Area (Eda) Cost of equipment, Time (17) 
Ultrasonication Stability and Uniformity Reduce lateral size of graphene (151) 
Hydrothermal Nanometer sized graphene sheets, For hybrid materials Long hours required (151, 167) 
Substrates Can optimize properties Poor selection can result in lack of properties (163, 167) 
General 
Environmental 
Methods 
Utilizing recyclable materials Time, Money, Does not yield the best characteristics 
(4, 168, 
169) 
 
5 Environmental Impact and Toxicity 
While each fabrication method conveys desirable results, some methods do have 
environmental drawbacks. For example, in Hummers Method, due to the NO2 and N2O4, 
toxic gas can be generated. Other drawbacks include residual nitrate and low yield. Many 
attempts have been made to modify this method like replacing the NaNO3 or adding a 
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peroxidation step before the KMnO4 oxidation (14). Overall, there is a high demand for 
an economic, cost-effective, environmentally friendly process to synthesize GO. The 
researchers tackle these problems to make a modified Hummers method more desirable 
for practical application. When increasing the amount of KMnO4 and concentrated 
H2SO4 (with 1/9 H3PO4) in place of NaNO3, the modified Hummers method leads to 
higher yield, easier temperature control, and less toxicity. 
 
On the renewable/recyclable side, a proposal came up to recycle industrial waste and 
utilize it as graphene electrodes using coal tar pitch (CTP) as carbon feedstock (170). 
Dilute coal tar pitch with 8 wt% of quinoline solvent was used. Then the mixture was 
spin coated at 6000 rpm for 1 minute on a SiO2 (500nm)/Si substrates and baked at 240 
°C for 30 minutes. The next step was to deposit the Ni layer (200 nm) on a coal tar pitch 
film at room temperature. (Magnetron Sputtering System, SNTEK; working pressure 
7mTorr; power 50W; Ar flow rate 50 sccm). The resultant film was then annealed using 
thermal CVD method at 1100 °C for 4 minutes with flowing 50 sccm of AR and 10 sccm 
of H2, with a combined pressure at 0.3 Torr. Then, the tube was removed from the 
furnace but maintained the same amount of Ar/H2 flow to cool the film to room 
temperature. Once cooled, the Ni layer could be etched away and cleaned with deionized 
water after dipping the sample film into FeCl3 solution for 1 minute (Iron(III) chloride 
solution 45°Be’). 
 
The process to get a flexible electrode is time consuming and tedious, usually involving 
high-temperature treatment or the use of toxic chemical treatment (171). Hence, the 
researchers showed a method that can be fast, scalable and environmental-friendly to 
fabricate high-performance rGO/cellulose paper supercapacitor electrode. An aqueous 
suspension of cellulose pulp fibers that consist of virgin pulps and recycled waste pulps 
from newspapers (0.15 wt%, 200 mL) was mixed with aqueous dispersion of single layer 
GO sheets that was purchased (GO0TQ2, 1 wt%, width: 10-30 μm) (0.032 wt%, 15.5 
mL, GO content: 5 mg) and an aqueous solution of polyethylenimine (PEI)  (Average 
molecular weight: 1800) (1.0 wt%, 0.4 mL) with intervals of 10 minutes in between 
adding each solution. The resultant solution was then filtered by suction filtration through 
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a #300 wire mesh for 4 s. After that, the wet paper sample was sandwiched between a 
hydro-phobic glass and paper towel followed by hot pressing it at 110 °C for 10 minutes 
to dry the sample (1.1 MPa). The resultant sample was then peeled off from the wire 
mesh to make GO/cellulose paper composite with diameter of 75 mm and thickness of 
ca. 100 μm. The GO/cellulose paper then underwent flash reduction at room temperature 
in air using a Pulse-Force 3300 equipped with xenon flash lamps. The process was 
carried out 10 times at a frequency of 2 Hz for each surface of the GO/cellulose paper 
composite. 
 
 
Figure 14: Depiction of the preparation procedure for the rGO/cellulose paper composite via 
papermaking and successive flash-reduction processes with paper composite thickness of 100 μm 
and diameter of 75 mm (171).  
 
To obtain reduced graphene oxide, a general method is to use a reducing agent to 
chemically reduce GO to rGO. Reducing agents usually possess harmful characteristics 
such as toxicity, flammable and reactivity. A way to harness aqueous extract of Hibiscus 
sabdariffa L was figured out (172) to be used as a reducing agent, which is in contrast, 
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non-toxic and significantly cheaper. To make GO, modified Hummer’s method was used. 
1.0 g of natural graphite sheets was gathered and added into 100 mL of concentrated 
sulfuric acid (H2SO4) while stirring it for 1 hour in an ice bath. After that, 4.0 g of 
potassium permanganate (KMnO4) was slowly added into the solution in a water bath at 
room temperature for 6 hours. 200 mL of deionized water was then added to dilute the 
solution followed by adding 100 mL of deionized water and 20 mL of hydrogen peroxide 
(H2O2) into the solution gradually while stirring. The solution eventually changed color 
from dark purple to a bright yellow brown solution. The stirring solution was allowed to 
rest at room temperature for 24 hours. After 24 hours, the solution was then centrifuged 
and cleaned with deionized water until the pH level is neutral, followed by drying the 
sample in a vacuum pumping system at room temperature. Next, preparation of the 
aqueous extract of Hibiscus sabdariffa L was executed by purchasing 10.0 g of Hibiscus 
sabdariffa L. and adding it into 1.0 L off deionized water. The mixture was then heated to 
60 °C for 1 hour. The resulting aqueous extract then could be obtained by filtering the 
solution using 0.45 μm pore size polypropylene filter papers. To reduce GO, 80 mg of 
GO suspension was put into 200 mL of Hibiscus sabdariffa L aqueous extract. The 
mixture was then to underwent ultrasonication for 1 hour and followed by subsequently 
stirring and heating for another hour. After that, the sample was cleaned with deionized 
water and vacuum dried at room temperature. To get a flexible graphene film electrode, 
HRGO-R in 0.4 mg mL-1 of deionized water had to be dispersed under ultrasonication 
followed by filtration and drying at 70 C. Graphene films could be obtained by peeling 
off 1 μm of HRGO-R. Supercapacitors could also be created by placing two graphene 
films separated by a filter paper soaked with 1 M H2SO4 that acted as the electrolyte. 
Then placing two platinum foils acting as a current collected in a sandwich-like structure 
made the supercapacitor cell. 
 
This source showcases eco-friendly fabrication method of 3D porous structured aerogel 
that encapsulates characteristics like large specific area, efficient ion-diffusion, superior 
mechanical integrity and multidimensional continuous pathways for electron transport for 
high performance energy storage and conversion applications, catalysis and adsorbents 
for environmental remediation (173-175). The most common method to fabricate 
  44
graphene hydrogels in the research field seems to be via hydrothermal method (176-178). 
The simple fabrication process allows significant savings in industrial terms to produce 
high-performance electrodes for lithium-ion batteries. The first step was to prepare GO 
dispersion via modified Hummer’s Method. 3 g of graphite powder, 1.5 g of NaNO3 and 
69 ml of H2SO4 were mixed together in a beaker, followed by adding 9 g of KMnO4 and 
stirred in an ice bath to keep the mixture at 0 C. The temperature was increased to 35 °C 
after 30 minutes of stirring. Stirring for an additional 30 minutes, then gradually adding 
138 ml of cold deionized water (15 C) was completed. Then, 213 ml of warm water (80 
C) and 15 ml of H2O2 respectively were added. The resulting mixture was placed in a 
centrifuge to be separated and washed with HCl-H2O solution (HCl/H2O = 1/10) three 
times. Finally, the solution was dissolved in deionized water and dispersed 
homogenously by ultrasonic agitation for several hours. To synthesize SnO2/Graphene 
aerogels, SnO2 nanocrystal was prepared by dissolving 2.325 g of SnCl4·5H2O in 200 
ml of deionized water followed by hydrothermally treated for 160 °C for 16 hours. The 
resulting precipitate was washed by placing it in a centrifuge three times and re-dispersed 
in 200 ml of ethanol to produce a suspension. 2.4 ml of SnO2 dispersion was then added 
drop-wise into 6 ml of GO (2mg ml-1) (mass ratio 1:1). The dispersion was placed in an 
ultrasonic agitator and stirred for 24 hours to ensure a homogenous dispersion. 
Subsequently, 120 mg of ascorbic acid powder was added into the mixture and stirred for 
30 minutes. The aforementioned mixture was placed into a mold and into a draught 
drying cabinet at 75 °C for 4 hours to obtain 3D graphene hydrogels. Then, the monolith 
was taken out of the mold and immersed in deionized water for 24 hours and freeze-dried 
into graphene aerogel. Finally, the aerogels were heated to 550 °C for 30 minutes to 
increase the degree of reduction. The preparation of graphene aerogel as electrodes was 
the final process. The graphene aerogels were heated at 650 °C for 30 minutes with N2 
atmosphere. After the heating process, the 3D graphene sheets were used as electrodes 
without any post-processing. 
 
Another source utilized eco-friendly methods to produce a flexible supercapacitor from 
wood transverse section slice (WTSS) and reduced graphene oxide (179). The thickness 
of a native WTSS was cut from Chinese fir to about 180 µm with rotary microtomy, 
  45
followed by vacuum drying at 50 °C for 2 hours. Without further purification, graphite 
power and 85% aqueous solution of hydrazine hydrate was used to create an aqueous 
dispersion of graphene oxide (GO) nanosheets with Hummer’s method. WTSSs of 
different areal densities (0.36mg cm-2, 0.49 mg cm-2, and 0.68 mg cm-2) was immersed in 
aqueous GO dispersions of 1 mg mL-1 for 5 min and allowed to dry naturally in room 
temperature to obtain different GO loadings. The WTSS-GO sheets was then reduced 
with aqueous solution of hydrazine hydrate at 90 °C for 3 hours. The finalized results 
were then be rinsed with deionized water and dried in a vacuum at 50°C for 2 hours. The 
formation of the supercapacitor was created as seen in Figure 15. The assembly was seen 
to utilize the traditional laminated two-electrode configuration with PVA/H3PO4 gel 
(blue) used as electrolyte and a separator. 
 
Figure 15: Illustration of the procedure to fabricate WTSS, WTSS-rGO and the supercapacitor 
respectively shown. Black and green texture indicates rGO coating, where else blue texture 
indicates PVA/H3PO4 gel electrolyte (179).  
 
This example describes how researchers devised a way to synthesize transparent 
graphene oxide flexible electrode by mixing GO with the conductive polymer in an 
aqueous solution (180). First, GO:H20 dispersion (15 μg L−1) was obtained using the 
chemical route and the conductive polymer from Sigma-Aldrich [3,4-
ethylenedioxythiophene]:poly[styrenesulfonate] (PEDOT:PSS) was purchased. Then 3 
ml of GO dispersion was mixed with the desired amount of PEDOT:PSS solution 
volumes via magnetic stirring for 24 hours. The GO dispersion to GO:PEDOT ratio were 
known to be GO:PEDOT (0.1%), (0.5%), (1.0%), (5.0%), (10.0%) and (20%). Next, 
Polyethylene terephthalate (PET) was used as substrates. GO:PEDOT films were 
obtained via the drop casting method over PET substrates and left it to dry at room 
temperature for 4 hours. After that, it was placed on a hot plate to thermally anneal it at 
80 °C at standard room pressure and temperature. Not only are there sustainable ways to 
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fabricate graphene, but there are environmentally friendly ways to utilize graphene. Like 
previously mentioned in Hummers’ method and exfoliation experiments, along with 
epitaxial growth and the ability to fabricate it via CVD using ethanol as a carbon source 
on Ni foams, capacitive deionization (CDI) is an effective way to treat wastewater and 
benefit the environment (181, 182). Heavy metal wastewater pollution has become a 
problem affecting our environment and water purity as metallurgical and other 
manufacturing plants rise. Utilizing graphene as an electrode with capacitive deionization 
to separate and recover heavy metal ions and salt ions in wastewater allows for greater 
treatment and higher electromagnetic interference shielding effectiveness (183, 184). 
Current strategies in desalination of saline water include ultrafiltration, reverse osmosis, 
and distillation processes, but with graphene electrode CDI, it would become the most 
optimum option (181, 185). 
 
6 Summary Table 
Table 4: A summarized synthesis experimental methods. 
General 
Synthesis 
Method 
Experiment References 
Modified 
Hummer’s 
Method 
A flexible polyaniline/graphene/bacterial cellulose supercapacitor electrode (186) 
Producing large-area, foldable graphene paper from graphite oxide suspensions 
by in-situ chemical reduction process 
(187) 
Silver Fiber Fabric as the Current Collector for Preparation of Graphene-Based 
Supercapacitors 
(188) 
Cu particles induced distinct enhancements for reduced graphene oxide-based 
flexible supercapacitors 
(189) 
Controllable morphology of polypyrrole wrapped graphene hydrogel framework 
composites via cyclic voltammetry with aiding of poly (sodium 4-styrene 
sulfonate) for the flexible supercapacitor electrode 
(190) 
Assembly of graphene aerogels into the 3D biomass-derived carbon frameworks 
on conductive substrates for flexible supercapacitors 
(23) 
Chemical Vapor 
Deposition 
Superflexible, high-efficiency perovskite solar cells utilizing graphene electrodes: 
towards future foldable power sources (4) 
Graphene- Based Flexible and Stretchable Electronics (89) 
 A graphene foam electrode with sulfur loading for flexible and high energy Li-S 
batteries 
(90) 
  Flexible, sandwich-like CNTs/NiCo2O4 hybrid paper electrodes for all-solid 
state supercapacitors 
(95) 
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7 Conclusions 
 
In conclusion, it is evident that the need for furthering graphene’s capabilities in an 
applicational sense is strong and that there are many approaches one can take to fabricate 
graphene as a flexible electrode. The incredible interest in graphene can be linked to its 
ballistic transport at room temperature combined with chemical and mechanical stability 
(191). The presence of advancement in portable, wearable, and implantable that go with 
sensing devices with a flexible electrode can shape the future. Having something with 
biocompatibility and powerful properties at a nanoscale can surely benefit many areas 
like biomedical engineering (120, 192-200). With the motivation to supply compressed 
informational and experimental articles, many main and minor fabrication methods were 
compiled and gone into detail. This was done so that they could be learned from and 
manipulatable for researchers to fabricate ideal graphene as flexible electrodes. The 
modified Hummers method, chemical vapor deposition, and exfoliation of graphite oxide 
proved as critical methods to use to obtain the desired electrode. Along with that, the 
complementary factors allow for support in the fabrication process. The final portion that 
was addressed revolves around remaining environmentally friendly in the fabrication 
process. As the world takes steps forward on the path toward sustainability, using 
materials and resources that will not put future generations at risk should always be a 
priority (201, 202). For this case, different methods were addressed to give opportunity to 
pursue a “green” fabrication process. This review paper does not contain every possible 
method and factor to fabricate graphene as a flexible electrode, but solemnly addresses 
 Graphene-patched CNT/MnO2 nanocomposite papers for the electrode of high-
performance flexible asymmetric supercapacitors 
(101) 
 Reduced graphene oxide-carbon nanotube graphene… (106) 
Exfoliation of 
Graphite Oxide 
Continuous mechanical exfoliation of graphene sheets via three-roll mill (84) 
 Preparation of graphitic oxide (16) 
 An improved Hummers method for eco-friendly synthesis of graphene oxide (15) 
 Controllable fabrication of 2D and 3D porous graphene architectures using 
identical thermally exfoliated graphene oxides as precursors and their 
application as supercapacitor electrodes 
(85) 
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common methods taken by researchers. Each method is organized and compiled into 
multiple tables for quick and easy understanding of advantages and disadvantages as well 
as fabrication potential. 
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